The ⌬9-fatty acid desaturase introduces a double bond at the ⌬9 position of the acyl moiety of acyl-CoA and regulates the cellular levels of unsaturated fatty acids. However, it is unclear how ⌬9-desaturase expression is regulated in response to changes in the levels of fatty acid desaturation. In this study, we found that the degradation of DESAT1, the sole ⌬9-desaturase in the Drosophila cell line S2, was significantly enhanced when the amounts of unsaturated acyl chains of membrane phospholipids were increased by supplementation with unsaturated fatty acids, such as oleic and linoleic acids. In contrast, inhibition of DESAT1 activity remarkably suppressed its degradation. Of note, removal of the DESAT1 N-terminal domain abolished the responsiveness of DESAT1 degradation to the level of fatty acid unsaturation. Further truncation and amino acid replacement analyses revealed that two sequential prolines, the second and third residues of DESAT1, were responsible for the unsaturated fatty acid-dependent degradation. Although degradation of mouse stearoyl-CoA desaturase 1 (SCD1) was unaffected by changes in fatty acid unsaturation, introduction of the N-terminal sequential proline residues into SCD1 conferred responsiveness to unsaturated fatty acid-dependent degradation. Furthermore, we also found that the Ca 2؉ -dependent cysteine protease calpain is involved in the sequential proline-dependent degradation of DESAT1. In light of these findings, we designated the sequential prolines at the second and third positions of DESAT1 as a "di-proline motif," which plays a crucial role in the regulation of ⌬9-desaturase expression in response to changes in the level of cellular unsaturated fatty acids.
The number and position of double bonds and chain length in fatty acid moieties of phospholipids affect the physicochemical properties of membranes, thus affecting a broad range of cellular and physiological functions (1) . Fatty acid desaturases are a family of enzymes that introduce a double bond into the acyl moiety of acyl-CoA and play a critical role in controlling membrane fluidity by modulating fatty acid composition of phospholipids (2) . The ⌬9-desaturase introduces a cis-double bond at the ⌬9 position of acyl-CoAs and is a rate-limiting enzyme involved in the biosynthesis of monounsaturated fatty acids that are used to synthesize polyunsaturated fatty acids, phospholipids, triacylglycerol, cholesteryl esters, and wax esters (3) . Therefore, the expression level of ⌬9-desaturase should be strictly regulated to meet the demand for unsaturated fatty acids. Although the mechanisms underlying the regulation of fatty acid desaturase expression are reported for several desaturases as described below, it is unclear how cells recognize the changes in fatty acid desaturation of cellular lipids to regulate the expression of fatty acid desaturase.
Stearoyl-CoA desaturase 1 (SCD1), a mammalian ⌬9-desaturase in the endoplasmic reticulum (ER), 3 consists of four transmembrane helices with its N and C termini, as well as its catalytic sites, oriented toward the cytosolic side of the ER membrane (4, 5) . The expression of SCD1 is mainly regulated by SREBP1, a master regulator of lipid biosynthesis at the transcriptional level (6) , whereas the degradation of SCD1 is mediated by the ubiquitin-proteasome system irrespective of the cellular levels of unsaturated fatty acids that regulate Scd1 gene expression (7) .
In Saccharomyces cerevisiae, the expression of ⌬9-desaturase Ole1 is regulated at the levels of transcription and mRNA stability (8, 9) . The transcriptional regulation of Ole1 is mediated through at least two elements, fatty acid-regulated sequence and the low-oxygen-response element, in the OLE1 promoter (10, 11) . Furthermore, two ER-resident membrane proteins, Spt23 and Mga2, are activated in a 26S proteasome-dependent manner and positively regulate the expression of Ole1 (12) . Repression of Ole1 by unsaturated fatty acids is mediated by the suppression of Spt23 processing and inhibition of the cleaved (activated) Mga2 fragment (12, 13) . Recently, Mga2 processing was also shown to be regulated by the cellular levels of unsaturated fatty acids (14) . Ole1 protein, a naturally short-lived protein, has been shown to be degraded by ubiquitin/proteasome-dependent ER-associated degradation with a half-life of Ͻ1 h, even in unsaturated fatty acid-depleted conditions (15) .
Drosophila ⌬9-desaturase, DESAT1, was identified by homology to vertebrate fatty acid desaturases (16) , and subsequent genetic studies have shown unique features of DESAT1 in the control of sensory communications via pheromonal production as well as regulation of the double bond contents in the fatty acids of phospholipids (17) (18) (19) . DESAT1 comprises 383 amino acids with four transmembrane helices and shows structural features similar to those of SCD1. Drosophila melanogaster as a model organism provides several advantages for studying the molecular mechanisms underlying the expression and physiological functions of ⌬9-desaturase in multicellular organisms. First, in typical Drosophila cell lines such as S2 cells, DESAT1 is the sole fatty acid desaturase that introduces a double bond into acyl-CoAs because another fatty acid desaturase, DESAT2, is not expressed due to 16-bp deletion in the 5Ј region of the Desat2 gene (20) . Second, because Drosophila cannot synthesize sterols and only a trace amount of polyunsaturated fatty acids is detected in cellular membranes (21, 22) , changes in DESAT1 activity are likely to directly affect the physicochemical properties of the membrane. Thus, Drosophila cells provide a useful model to study how cells recognize changes in membrane fluidity and regulate the expression of ⌬9-desaturase. Although the mechanism of tissue-specific expression of DESAT1 was reported (23) , the regulation of DESAT1 in response to changes in either the membrane fluidity or levels of fatty acid desaturation was not reported. In this study, we revealed a novel amino acid motif that regulates the degradation of DESAT1, which plays a dominant role in controlling the expression of DESAT1 in response to changes in the cellular levels of unsaturated fatty acids. Protein degradation pathways involved in DESAT1 degradation are also discussed.
Results

Effect of unsaturated fatty acids on the expression level of DESAT1
To explore the regulatory mechanisms of DESAT1 expression, we raised polyclonal antibodies against DESAT1 and examined the effect of exogenously added fatty acids on the expression of DESAT1. The amounts of DESAT1 protein were significantly reduced when S2 cells were incubated with 100 M oleic acid (C18:1) or linoleic acid (C18:2) for 6 h, whereas no significant change was observed with stearic acid (C18:0) treatment ( Fig. 1, A and B) . Addition of a 16-carbon length monounsaturated fatty acid (palmitoleic acid; C16:1) also markedly reduced expression of the DESAT1 protein (supplemental Fig.  1, A and B) . Incubation with C16:1, C18:1, or C18:2 for 6 h caused a significant increase in the proportion of fatty acid added in the acyl chain of phospholipids (supplemental Fig.  2A ). Furthermore, C18:2 was effectively incorporated into phospholipids within 1 h (supplemental Fig. 2B ). These results raised the possibility that unsaturated fatty acid contents in the phospholipids regulate the expression level of DESAT1.
Given that the expression levels of mammalian SCD1 and yeast Ole1 are mainly controlled by transcriptional regulation, we examined the effect of exogenously added fatty acids on the expression level of Desat1 mRNA using real-time PCR. As shown in Fig. 1C and supplemental Fig. 1C , any of the fatty acids examined had no significant effect on the expression level of Desat1 mRNA.
We next examined the effect of SCD1 inhibitors on the expression of DESAT1. First, we evaluated whether the SCD1 inhibitors 23 and 37c (24, 25) inhibit the ⌬9-desaturase activity of DESAT1 by measuring the conversion of a 17-carbon-long saturated fatty acid (C17:0) to the monounsaturated form (C17:1) in S2 cells. Production of C17:1 from C17:0 was decreased by the SCD1 inhibitors to Ͻ10% of vehicle-treated cells, demonstrating that the SCD1 inhibitors also inhibit the activity of DESAT1 (supplemental Fig. 3 ). We thus used these SCD1 inhibitors as DESAT1 inhibitors in the following experiments. Incubation of S2 cells with the DESAT1 inhibitors significantly decreased the proportion of monounsaturated fatty acids (C16:1 and C18:1) in the acyl chains of phospholipids and increased the content of saturated fatty acids (C16:0, C18:0, and C20:0) ( Fig. 2, A and B) . In contrast to the treatment with unsaturated fatty acids, DESAT1 inhibitors 23 and 37c increased the amount of DESAT1 protein by 2.7-and 2.9-fold, respectively ( 
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cells were incubated with cycloheximide for 2 h. Pre-treatment with DESAT1 inhibitor 37c suppressed the degradation of the DESAT1 protein (Fig. 2 , E and F). Similar to unsaturated fatty acid treatment, DESAT1 inhibitors did not affect the amount of Desat1 mRNA (supplemental Fig. 4 ). These results indicate that the expression level of the DESAT1 protein is mainly regulated at the post-translational level where unsaturated fatty acid-dependent protein degradation is likely to play a dominant role.
Degradation of exogenously expressed DESAT1 protein
To evaluate the molecular mechanisms underlying the posttranslational regulation of DESAT1 expression, we expressed FLAG-tagged DESAT1 in S2 cells under the control of the Act5C promoter. The degradation rate of the C-terminally FLAG-tagged DESAT1 (DESAT1-FLAG C ) protein was comparable with that of endogenous DESAT1 protein (Fig. 3, A and  B) . The effects of C18:1 (Fig. 3 , C and D) and DESAT1 inhibitors ( Fig. 3 , E and F) on the expression levels of DESAT1-FLAG C protein were also comparable with those observed with the endogenous DESAT1 protein (Figs. 1 and 2).
In contrast, N-terminally FLAG-tagged DESAT1 (FLAG N -DESAT1) protein was remarkably stable compared with endogenous DESAT1 protein (Fig. 4, A and B) . Furthermore, the amount of FLAG N -DESAT1 protein was not affected by addition of either C18:1 (Fig. 4 , C and D) or DESAT1 inhibitors ( Fig.  4 , E and F). These results suggest that the N-terminal domain of DESAT1 protein is involved in the fatty acid-dependent degradation of DESAT1 protein.
Identification of residues responsible for the degradation of DESAT1
To identify the residues of DESAT1 protein that determine the sensitivity against its protein degradation, we expressed N-terminal truncation mutants in S2 cells and analyzed the effect of C18:1 and DESAT1 inhibitor on the expression levels of the mutant proteins. Based on the crystal structures of SCD1 (4, 5) , it is predicted that the first transmembrane helix of DESAT1 starts at around residue 70. The expression levels of mutant proteins lacking residues 2-11, 2-21, 2-41, or 2-60 of DESAT1 were not affected by treatment with C18:1 . S2 cells were treated with DESAT1 inhibitor 23 or 37c (1 M) for 16 h, and the amounts of DESAT1 and ␣-tubulin protein were detected with anti-DESAT1 antibody and anti-␣-tubulin antibody, respectively (C and D). After treatment with DESAT1 inhibitor 37c (1 M) for 16 h, S2 cells were incubated with cycloheximide (100 g/ml) for 2 h, and the amounts of DESAT1 and ␣-tubulin protein were detected with specific antibodies (E and F). Band intensities were determined by ImageJ software, and levels of DESAT1 proteins are shown relative to the amount of DESAT1 protein in vehicle-treated cells (D) or cells not treated with cycloheximide and DESAT1 inhibitor (F). Mean Ϯ S.D. (n ϭ 3). *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001; n.s., not significant. (supplemental Fig. 5 ). Furthermore, truncation of residues 2-6 of DESAT1 decreased the degradation rate of the mutant protein ( Fig. 5, A and B) and abolished the effect of C18:1 and DESAT1 inhibitor on the expression levels of the mutant protein ( Fig. 5 , C-F). These results suggest that residues 2-6 contain residues required for the unsaturated fatty acid-induced degradation of DESAT1 protein.
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As shown in Fig. 6A , the N-terminal 6-amino acid sequence of DESAT1 is 1 MPPNAQ 6 . To identify the critical residues responsible for the degradation of DESAT1, we constructed a series of alanine substitution mutants ( Fig. 6A ). Similar to wildtype DESAT1, the amount of DESAT1 mutant proteins with substitutions of alanine for Asn-4 and Gln-6 (DESAT1 (N4A/ Q6A)-FLAG C ) was altered by C18:1 and DESAT1 inhibitor treatments (Fig. 6, B and C, and supplemental Fig. 6, A and B) .
However, single mutations as well as a double mutation at Pro-2 and Pro-3 of DESAT1 (Fig. 6 , B and C, supplemental Fig. 6 , C-H) remarkably abolished the effect of C18:1 and DESAT1 inhibitor on the expression levels of the mutant proteins. Moreover, the mutations at Pro-2 and Pro-3 of DESAT1 decreased the degradation rate of the mutant protein ( Fig. 6, D and E) . These results clearly demonstrate that the N-terminal sequential proline motif (Pro-2 and Pro-3) is involved in the DESAT1 degradation pathway, and we named these residues the "di-proline motif."
Role of the di-proline motif in regulation of ⌬9-desaturase degradation
By comparing the N-terminal sequences of ⌬9-desaturases from several species, we found that most ⌬9-desaturases have a single proline residue at N-terminal position 2, except for 
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D. melanogaster DESAT1 with the di-proline motif (Fig. 7A ). To evaluate the importance of the di-proline motif in the degradation of ⌬9-desaturase, we produced SCD1-DESAT1 chimeric proteins and analyzed the effect of a di-proline motif on the stability of mouse SCD1 that has a proline residue at position 2 but not at position 3 (Fig. 7B ). The amount of wild-type mouse SCD1 protein expressed in S2 cells was not altered by treatment with C18:1 or DESAT1 inhibitor (Fig. 7 , C and D, and supplemental Fig. 7, A and B) . In contrast, the expression level of the SCD1 chimeric protein that carries residues 1-74 of DESAT1 responded to the treatments with C18:1 and DESAT1 inhibitor (Fig. 7 , C and D, and supplemental Fig. 7, C and D) . Alanine substitution of the di-proline motif abolished the responsiveness of the chimera protein to C18:1 and DESAT1 inhibitor treatments (Fig. 7, C and D, and supplemental Fig. 7 , E and F). Furthermore, introduction of proline at the third residue of mouse SCD1 conferred responsiveness to C18:1-sensitive and DESAT1 inhibitor-sensitive degradation (Fig. 7 , C and D, and supplemental Fig. 7, G and H) . Taken together, these results suggest that the di-proline motif in the N-terminal region is sufficient for the unsaturated fatty acid-dependent degradation of ⌬9-desaturase.
Identification of the protease involved in DESAT1 degradation via the di-proline motif
Next, we screened for the protease involved in DESAT1 protein degradation. Treatment with the proteasome inhibitor MG132 and the lysosome inhibitor chloroquine did not affect the expression level of the DESAT1 protein ( Fig. 8A and supplemental Fig. 8A ). Because treatment with MG132 significantly increased the amount of ubiquitinated proteins in S2 cells (supplemental Fig. 9 ), it is likely that the proteasome is not involved in the degradation of DESAT1. Because anti-DESAT1 antibody recognizes the C-terminal domain of DESAT1, there is a possibility that the C-terminal truncated DESAT1 is degraded by the proteasome system. To analyze the amount of DESAT1 protein without using the anti-C-terminal antibody, we introduced a FLAG tag in the cytosolic domain between transmembrane helices 2 and 3 of DESAT1 (DESAT1-FLAG Internal ). Consistent with the results obtained with DESAT1-FLAG C , the amount of DESAT1-FLAG Internal protein was decreased by the treatment with C18:1 (supplemental Fig. 10 ). Furthermore, the amount of DESAT1-FLAG Internal was not altered by the MG132 treatment. These results suggest that the proteasome system is not involved in the regulation of DESAT1 degradation in response to changes in the amount of cellular unsaturated fatty acids. In contrast, treatment with the calpain inhibitor calpeptin caused a 2.1-fold increase in the expression of DESAT1 protein ( Fig. 8A and supplemental Fig. 8A ), and ionomycin treatment decreased the DESAT1 expression level (supplemental Fig. 11 ), suggesting the involvement of calpain, a calcium-dependent cysteine protease, in the degradation of the DESAT1 protein. Given that the D. melanogaster genome encodes four calpain genes (26), we suppressed the expression of each calpain by dsRNA in S2 cells. Among four calpains, suppression of calpain A or calpain B expression inhibited C18:1-induced degradation of the DESAT1 protein ( Fig. 8B and supplemental Fig. 8B ). The amount of exogenously expressed DESAT1-FLAG C was increased by calpeptin treatment, whereas the expression level of DESAT1 (P2A/P3A)-FLAG C protein was not affected, implying that the di-proline motif is required for calpain-mediated degradation of DESAT1 (Fig. 8C, supplemental Fig. 8 , C and D).
Discussion
Although DESAT1, a ⌬9-desaturase in D. melanogaster, plays a role in various crucial physiological functions, such as pheromonal communication, regulation of lipid metabolism, and control of membrane fluidity, little is known about how the expression of DESAT1 is regulated at the cellular level. In this study, we identified a unique N-terminal di-proline motif that plays a crucial role in unsaturated fatty acid-dependent degradation of DESAT1.
DESAT1 protein was rapidly degraded in S2 cells with a halflife of ϳ2 h (Figs. 3-6 ), which is comparable with those observed for mammalian and yeast ⌬9-desaturases, SCD1 and Ole1, respectively (7, 15) . The degradation of DESAT1 was sig- 
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nificantly enhanced by addition of unsaturated fatty acids such as oleic (C18:1) and linoleic (C18:2) acids ( Figs. 1 and 3) , in which exogenously added fatty acids were rapidly incorporated into the acyl chains of phospholipids (supplemental Fig. 2) . In contrast, the addition of DESAT1 inhibitors significantly suppressed the degradation of DESAT1 (Figs. 2 and 3) . The treatment with DESAT1 inhibitors significantly decreased the contents of unsaturated fatty acyl chains of phospholipids (Fig. 2, A  and B) . These results suggest that changes in the composition of fatty acyl chains of membrane phospholipids are responsible for regulating the stability of the DESAT1 protein.
It has been reported that N-terminal sequences determine the stability of proteins (27) . For example, in the N-end rule pathway, N-terminal degradation signal (N-degron)-containing proteins are recognized by N-recognins and degraded by the ubiquitin-proteasome system (28) . Both mammalian SCD1 and yeast Ole1 have been shown to be degraded by the ubiquitin-proteasome system, and deletion of the N-terminal residues of SCD1 was also reported to suppress its degradation (7, 15, 29) . In this study, we identified that the two sequential proline residues in the N-terminal sequence 1 MPPNAQ 6 are responsible for unsaturated fatty acid-dependent degradation of DESAT1 (Fig. 6 ). This observation was further confirmed by studies using SCD1-DESAT1 chimeric proteins where the introduction of Pro-2 to Pro-3 residues into the N terminus of SCD1 significantly enhanced unsaturated fatty acid-dependent degradation of SCD1 in S2 cells (Fig. 7) . From these findings, we designated the sequential prolines at the second and third positions of DESAT1 as a di-proline motif, which plays a crucial role in the regulation of ⌬9-desaturase expression in response to changes in the level of cellular unsaturated fatty acids. 
The N-terminal domains of DESAT1 and mouse SCD1 have low sequence homology. Furthermore, the amounts of mutant proteins lacking residues 7-33 or 34 -59 of DESAT1 were altered by C18:1 (supplemental Fig. 12 ). Therefore, it is likely that both residues 7-33 and 34 -59 of DESAT1 do not have an essential sequence for DESAT1 protein degradation. However, truncation of residues 7-59 of DESAT1 abolished the unsaturated fatty acid-dependent degradation of DESAT1 (supplemental Fig. 12 ). Thus, these results suggest that the appropriate distance between the di-proline motif and the first transmembrane helix is required for the degradation of DESAT1 protein.
We demonstrated that treatment with the calpain inhibitor calpeptin or depletion of calpain A and calpain B expression significantly suppressed the degradation of DESAT1, but the expression level of DESAT1 (P2A/P3A)-FLAG C was not increased by calpeptin treatment, suggesting that calpains are responsible for di-proline motif-mediated degradation of DESAT1 (Fig. 8) . The D. melanogaster genome encodes four calpain genes (26) . Calpain A and calpain B are typical calpains and contain motifs for Ca 2ϩ and lipid binding (26) . In contrast, calpain C does not have proteolytic activity due to mutations in all three of its active-site residues (30) . SOL is an atypical calpain and the first gene of the calpain superfamily in Drosophila to be identified (31) . Although the roles of calpains in lipid metabolism have not been clarified in Drosophila, the proteolytic activity of calpain A is shown to be enhanced by phosphatidylinositol 4,5-bisphosphate, phosphatidylinositol 4-monophosphate, phosphatidylinositol, and phosphatidic acid (32) . Recently, it was also reported that SOL mediates temperature reset of the circadian clock (33) , anticipating the participation of calpain in the temperature-sensitive regulation of membrane fluidity. Therefore, it is plausible that calpains are involved in the regulation of DESAT1 expression that modulates phospholipid composition and lipid membrane fluidity.
In Drosophila, tissue-specific expression of the Desat1 gene is precisely controlled by distinct putative regulatory regions , and the amounts of DESAT1 and ␣-tubulin protein were detected with anti-DESAT1 antibody and anti-␣-tubulin antibody, respectively. S2 cells expressing DESAT1 (P2A/P3A)-FLAG C were treated with cycloheximide (100 g/ml) for 0, 2, and 4 h, and the amounts of DESAT1 and ␣-tubulin protein were detected with specific antibodies (D and E). Band intensities were determined by ImageJ software, and levels of DESAT1 proteins are shown relative to the amount of DESAT1 protein in vehicle-treated cells (B and C) or cells not treated with cycloheximide (E). The values for DESAT1-FLAG C (Fig. 3, D and F) 
targeting either pheromone biosynthetic cells, neurons involved in pheromone perception, or non-neuronal cells (23) . The expression of Desat1 gene in pheromone biosynthetic cells called oenocytes is under the control of circadian clock genes, which also affect pheromone production and mating behavior of Drosophila (34) . It is conceivable that changes in fatty acid composition, which may result from dietary lipids or seasonal change in environmental temperature (35) , affect the expression of DESAT1, thus modifying pheromone production and controlling the fluidity of cellular membranes. Elucidation of the mechanism underlying recognition of the di-proline motif will facilitate our understanding about how cells recognize change in membrane fluidity and coordinate the various physiological functions of Drosophila.
Experimental procedures
Materials and cell culture
Drosophila S2 cells (36) were maintained in Schneider's Drosophila medium supplemented with 10% fetal bovine serum (FBS), 50 units/ml penicillin, and 50 g/ml streptomycin at 25°C. BSA-fatty acid complex (molar ration of 1:9) was prepared by incubating fatty acid with a 0.9% NaCl solution containing BSA (111 mg/ml). Cells were incubated with BSA-fatty acid complex (100 M fatty acid) in serum-free Schneider's Drosophila medium for 6 h. SCD1 inhibitors 23 (DS40410855) and 37c (DS18220913) were obtained from Daiichi Sankyo Co. Ltd. (24, 25) . A rabbit anti-DESAT1 polyclonal antibody was generated against the C-terminal 18 amino acid residues (DQPKEEIEDAVITHKKSE) of DESAT1. Anti-␣-tubulin antibody (PM054), anti-FLAG antibody (M2), and anti-ubiquitin antibody (SPC-119) were purchased from MBL, Sigma, and StressMarq Biosciences, respectively. DESAT1 coding sequence was isolated from a cDNA library of strain Canton-S. cDNA encoding mouse SCD1 was purchased from ORIGENE. Expression vectors were established by inserting the coding sequences of DESAT1 and mouse SCD1 into EcoRI and XhoI sites of pAc5.1/V5-His A plasmid (Invitrogen). Mutations were introduced by site-directed mutagenesis using PrimeSTAR , Danio rerio stearoyl-CoA desaturase (AAO25582), and S. cerevisiae Ole1 (CAA96757)) (A). Schematic illustration of DESAT1, mouse SCD1, and constructed mutants is shown (B). S2 cells expressing mouse SCD1-FLAG C , chimera-FLAG C , chimera (AA)-FLAG C , and SCD1 (di-Pro)-FLAG C were treated with C18:1 (100 M) for 6 h (C) or DESAT1 inhibitor 37c (1 M) for 16 h (D), and the amounts of endogenous DESAT1, FLAG-tagged exogenous ⌬9-desaturases, and ␣-tubulin protein were detected with anti-DESAT1 antibody, anti-FLAG antibody, and anti-␣-tubulin antibody, respectively. Band intensities were determined by ImageJ software, and levels of SCD1 proteins are shown relative to the amount of SCD1 protein in vehicle-treated cells (C and D). Mean Ϯ S.D. (n ϭ 3). *, p Ͻ 0.05; ***, p Ͻ 0.001; n.s., not significant.
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Max DNA polymerase (TaKaRa) and specific primers (supplemental Table 1 ). Chimeras and mutants of DESAT1 and mouse SCD1 were prepared using an In-Fusion HD cloning kit (TaKaRa) and specific primers (supplemental Table 2 ). FLAG epitope tag (DYKDDDDDK) was inserted into the N or C terminus of the gene of interest. Internal FLAG tag was introduced between Gly-199 and Val-200 of DESAT1 using specific primers (supplemental Table 2 ). S2 cells were transfected with an expression vector with pCoBlast plasmid using TransFectin lipid reagent (Bio-Rad), and stable transformants were selected by 20 g/ml blasticidin.
Measurement of the fatty acid composition of phospholipids by gas chromatography
Total lipids were extracted by Bligh and Dyer procedures (37) . Phospholipids were separated by thin-layer chromatography (TLC) using hexane/diethyl ether/acetic acid (60:40:1, v/v/v) and incubated with methanolic HCl at 100°C for 3 h. Fatty acid methyl esters were extracted and analyzed with a Shimadzu GC-14A with a flame ionization detector and an Omegawax Capillary GC column (Supelco). The temperature of the injector and the flame ionization detector were held at 200 and 280°C, respectively. The column temperature was programmed as follows: held at 180°C for 5 min; ramped to 220°C at 3°C/min; held for 7 min; ramped to 240°C at 3°C/min; and held for 10 min. The peak areas of methyl esters of C14:0, C16:0, C16:1, C18:0, C18:1, C18:2, C20:0, C20:4, and C22:0 were determined.
Measurement of ⌬9-desaturase activity
Cells were incubated with BSA-margaric acid complex (20 M margaric acid) in serum-free Schneider's Drosophila medium for 6 h. Conversion of margaric acid (17:0) to heptadecenoic acid (C17:1) was evaluated by gas chromatography as described above. The ⌬9-desaturase activity was defined as the ratio of the amount of C17:1 to the total amount of C17 fatty acid species.
Immunoblotting
Cells were washed with PBS and lysed in lysis buffer (10 mM Tris-HCl, pH 7.4, 1% Triton X-100, 0.1% SDS, 1% sodium deoxycholate) containing 1% protease inhibitors (Nacalai Tesque). The lysates were centrifuged at 14,000 ϫ g for 10 min at 4°C. 40 l of supernatant was mixed with 10 l of sampling buffer 1 (50% sucrose, 50 mM Tris-HCl, pH 8.0, 1% SDS, 5 mM EDTA, 0.4% bromphenol blue), incubated for 10 min at 50°C, and then mixed with 50 l of sampling buffer 2 (10% sucrose, 10 mM Tris-HCl, pH 8.0, 0.2% SDS, 1 mM EDTA, 0.08% bromphenol blue, 60% urea). Samples were electrophoresed on SDSpolyacrylamide gel and blotted on PVDF membrane (Wako) using Trans-Blot SD Semi-Dry Electrophoretic Transfer Cell (Bio-Rad). Immunoblotting analysis was performed by using anti-DESAT1 antibody, anti-FLAG antibody (M2), anti-ubiquitin antibody, and anti-␣-tubulin antibody as a loading control. Bound antibodies were detected with horseradish peroxidase-conjugated anti-rabbit IgG antibody and anti-mouse IgG antibody using Super Signal West Pico (Thermo Fisher Scientific) and Ez-Capture MG (Atto). Band intensity was determined by ImageJ software.
Real-time PCR
Cellular RNA was extracted using TRIzol reagent (Ambion), and cDNA was prepared by using ReverTra Ace qPCR RT Master Mix (Toyobo). Expression levels of Desat1 and Rpl32 (as a reference gene) were analyzed by StepOnePlus real-time PCR system using TaqMan Fast Advanced Master Mix and TaqMan Figure 8 . Identification of protease involved in the degradation of DESAT1. S2 cells were treated with calpeptin (50 M), MG132 (50 g/ml), or chloroquine (50 M) for 6 h (A). S2 cells were treated with dsRNA against GFP, CalpA, CalpB, CalpC, or sol for 72 h and then exposed to C18:1 (100 M) for 6 h (B). S2 cells expressing DESAT1-FLAG C and DESAT1 (P2A/P3A)-FLAG C were treated with calpeptin (50 M) for 6 h (C). The amounts of endogenous DESAT1, FLAG-tagged exogenously expressed DESAT1, and ␣-tubulin protein were detected with anti-DESAT1 antibody, anti-FLAG antibody, and anti-␣-tubulin antibody, respectively (A-C). Band intensities were determined by ImageJ software, and levels of DESAT1 proteins are shown relative to the amount of DESAT1 protein in vehicle-treated cells (A-C). Mean Ϯ S.D. (n ϭ 3). **, p Ͻ 0.01; ***, p Ͻ 0.001; n.s., not significant.
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Gene Expression Assays (Dm02147300_m1 and Dm02151827_ g1) (Applied Biosystems).
Suppression of calpain gene expression by dsRNA
Templates with a T7 promoter flanking both sides were amplified by a traditional PCR method from cDNA encoding calpain A, calpain B, calpain C, Sol, and GFP using specific primers (supplemental Table 3 ) (33) . The templates were used for in vitro RNA transcription with an Ambion MEGAscript T7 kit according to the manufacturer's instructions. The quality of dsRNAs was confirmed using agarose gel electrophoresis. Cells were incubated with 15 g/ml dsRNA for 3 days.
Statistical analysis
Values are presented as means Ϯ S.D. The statistical significance of differences between the mean values was analyzed using the non-paired t test. Multiple comparisons were performed using Tukey's test or Dunnett's test following analysis of variance. A p value of Ͻ0.05 was considered statistically significant.
